With the growing penetrations of distributed energy resources (DERs), it is imperative to evaluate their impacts on transmission system operations. In this paper, an iteratively coupled transmission and distribution (T&D) co-simulation framework is employed to study the impacts of increasing penetrations of distribution-connected photovoltaic (PV) systems on transmission system voltages. The co-simulation framework introduces iterative coupling and unbalanced transmission system analysis that help accurately replicate the standalone T&D system results without resorting to the computational challenge of developing large-scale standalone T&D models. The integrated T&D systems are evaluated for multiple PV deployment scenarios based on randomly generated PV locations and sizes. A test system is simulated using IEEE-9 bus transmission system model integrated at each load point with three EPRI's Ckt-24 distribution feeder models. The results are thoroughly validated using a standalone T&D system model simulated in OpenDSS.
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I. INTRODUCTION
With the incentivized rapid decarbonization of electric power generation industry and aggressive renewable portfolio standards (RPS) in most states, the electric power delivery (T&D) system is rapidly transforming into a decentralized, bidirectional network [1] - [3] . For instance, participation of distributed energy resources (DERs) has increased its levels where in 2017, 6.3% of the total U.S. demand was supplied by wind turbine technology (WT) and 1.83% by distributed and utility-scale photovoltaic units (PVs) [4] . Several exploratory studies and field demonstrations have pointed out that the integration of DERs is increasing the stress on power delivery systems; high penetration of distribution-level solar photovoltaics (PV) are known to cause over voltage problems, reverse power flow, increased power losses and power quality issues [5] - [9] . For this reason, utility companies/distribution system operators perform DER interconnection study prior to permitting a new DER/PV connection request.
Unfortunately, most of the existing DER interconnection studies perform DER impacts analysis either only at the distribution level or individually at transmission and distribution level using a decoupled T&D system model [10] . The potential impacts on the transmission grid are either ignored given low penetrations of DERs, or are non-representative due to the decoupled T&D model. With growing penetrations, the distribution-level DERs are expected to affect both transmission and distribution systems [11] . Thus, DER impact assessment requires a very detailed study that not only needs to be performed both at transmission and distribution levels but also should evaluate the interactions between T&D systems during high DER penetrations. The decoupled analysis of T&D system is no longer adequate, calling for new tools capable of capturing the interactions between the transmission and distribution systems.
Recently, this led to the development of multiple T&D cosimulation platforms. The existing co-simulation platforms for integrated T&D system analysis, however, use a balanced positive sequence AC power flow for transmission system analysis and loosely couple T&D networks [12] - [14] . With increasing levels of system unbalance in the distribution system due to single-phase small-scale DERs, a balanced positive sequence approach may not accurately model integrated T&D systems. Furthermore, a loosely coupled co-simulation approach may not accurately model T&D operations with faster changes in DER generation patterns. Also, most of the existing T&D co-simulation framework have not been validated against an equivalent standalone T&D model [15] , [16] .
To address these concerns, in our prior work, we proposed an iterative coupled T&D co-simulation framework that also supports three-phase transmission system analysis. Specifically, we model transmission system in three-sequence detail to accurately capture the system unbalance and develop a fixed-point iteration (FPI) technique to tightly couple the simulators (T&D) using an iterative approach that ensures convergence at the point of common coupling (PCC) [17] . In this paper we use our previously developed co-simulation framework to evaluate the voltage impacts of increasing distributed PV penetrations in distribution grid. We also thoroughly validate the co-simulation results against the standalone model developed for the same test system using OpenDSS, a commercially available distribution system simulator [18] . The main contributions of this paper are as follows.
• A detailed analysis of convergence characteristics of the proposed iterative framework is presented by increasing the PV penetrations to simulate varying levels of unbalance in the distribution system loading. • The impacts of increasing levels of PV penetration on transmission system voltages and real power are analyzed with the help of co-simulation approach.
• The observed co-simulation results are thoroughly validated by simulating similar conditions with PVs in the OpenDSS standalone T&D model.
II. INTEGRATED T&D MODELING FRAMEWORK
The primary objective of this paper is to use the developed iterative T&D co-simulation framework to understand how the distribution connected PVs impact the normal transmission system operations. In this study, the transmission system is developed in MATLAB and includes a detailed three-sequence network model. The unbalanced distribution system analysis is preformed using OpenDSS-commonly used distribution system modeling and analysis software. The transmission and distribution models, solved individually using MATLAB and OpenDSS, respectively, are iteratively coupled using a cosimulation script developed in MATLAB. Please refer to [17] for details on co-simulation framework.
A. Transmission and Distribution System Quasi-static model
A detailed three-phase power flow analysis is required for transmission system analysis to accurately capture the impacts of distribution-introduced demand unbalance. In this study, a three-sequence model for transmission system is developed using sequence component method [19] - [21] . The threesequence model can represent the effects of unbalanced loads and untransposed transmission lines while not significantly increasing the computational complexity of the power flow analysis. The three-phase transmission system is decoupled into three independent sequence circuits by replacing the offdiagonal elements with the respective compensation current injections [21] . The decoupled three-sequence models are solved separately. The positive sequence model is solved using Newton-Raphson method. The negative and zero sequence models are solved using linear equations. The process is iterative and repeated until the change in positive sequence power flow due to negative and zero sequence components is within the pre-specified tolerance. Please refer to [21] for details. Similarly, distribution system is modeled in full threephase representation. The three-phase modeling and quasistatic analysis is done using OpenDSS [18] . The general principle of the proposed co-simulation approach is detailed here. At a given time step of quasi-static simulation, the T&D systems are solved separately using their respective solvers. This step solves decoupled T&D models. The transmission system solver models the connected distribution network as an equivalent load and the distribution solver models the upstream transmission bus as a voltage source. The bus voltages and angles obtained from transmission network solver and active and reactive power flow obtained from distribution network solver at the point-of-common coupling (PCC) are referred to as boundary variables (see Fig. 1 ). After decoupled T&D systems are solved, boundary variables are tested for convergence. If tolerance limit is not satisfied, the co-simulation stage begins. At a given co-simulation iteration, T&D systems have partially correct information about the boundary variables that needs updating. The decoupled representations for T&D networks are updated at each cosimulation iteration. With updated boundary variables, the decoupled T&D models are solved again. The co-simulation iterations are repeated until the error in boundary variables obtained from decoupled models is within the pre-specified tolerance. This leads to a co-simulation model that closely approximates a stand-alone unified model for the two systems.
B. PV Deployment Scenarios
High-levels of distribution-connected PV penetration may result in multiple operational challenges for the integrated T&D systems including but not limited to over voltages, excessive reverse power flow, increased power losses, severe phase unbalances, and power quality issues. This study specifically focuses on analyzing the impacts of distribution-connected PVs on transmission system voltages. In this section, we detail the method used to generate random PV deployment scenarios for a given distribution feeder. Following the related literature concerning PV hosting analysis for distribution feeders, similar stochastic analysis framework is adapted to generate numerous PV deployment scenarios [22] . Multiple scenarios are simulated to fully capture the randomness associated with PV sizes and deployment locations for increasing customer penetration levels.
The method to simulate stochastic PV deployment scenarios is briefly detailed here. For each customer penetration level, multiple unique PV deployment scenarios are simulated using Monte Carlo approach by associating a uniform random distribution to the PVs location and size. The hourly PV generation for each scenario is obtained from PV generation profile given in [22] . 100 different scenarios are created for each level of PV penetration. For each scenario, 10% of the customers in Ckt-24 feeder are selected at random using a uniform distribution and PVs are deployed at their locations. The capacity of the installed PV is determined based on the peak load demand of the feeder and the type (residential or commercial) of the customer. The customer penetration is then increased in steps of 10% and PV generation is obtained for each level. Please refer to [22] for further details on PV deployment.
The specific details of simulated PV scenarios for the distribution feeder under consideration is detailed here. EPRI Ckt-24, used as the distribution system model in this study, supplies for a total of 3885 customers at 34.5 kV voltage level using two equally loaded feeders. The peak demand recorded at the substation is 52.1 MW and 11.7 MVAR and the feeder is comprised of 87% residential loads that includes a large number of single-phase and three-phase customers. A substation transformer is used to connect the 34.5 kV distribution system to the 230 kV transmission bus. The average PV generation profile for each of the penetration level in 100 scenarios is presented in Fig. 2 .
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C. Stand-Alone Model Development
Another objective of this paper is to validate the cosimulation results against an equivalent stand-alone T&D system model. In this paper we employ OpenDSS to simulate the stand-alone model for the selected T&D test system. OpenDSS is a real world distribution feeder simulator that can also handle small transmission system simulations. Specifically, for stand-alone simulation, IEEE 9-bus system with three-phase details and three Ckt-24 distribution systems are connected to its load nodes is modeled in OpenDSS. The stand-alone IEEE 9-bus integrated with Ckt-24 models is solved using OpenDSS for convergence. The results obtained at the PCC are analyzed and compared with those obtained using co-simulation. In our previous work, a smaller distribution system, IEEE 13-bus distribution feeder, connected to the IEEE 9-bus system was simulated as a stand-alone model and the results were used to validate the co-simulation platform [23] . This study further validates our proposed co-simulation approach using larger integrated stand-alone T&D system model. Since this study involves analyzing the voltage behavior of the transmission system due to increasing PV penetrations, the stand-alone model is also simulated with varying PV deployment scenarios on all Ckt-24 feeders connected to the transmission system. The voltages at the PCC obtained using co-simulation and stand-alone are compared for validation.
III. RESULTS AND DISCUSSIONS
The test system for the analysis is described first. The transmission test system model is comprised of IEEE 9-bus test system with three generators at buses 1 (slack), 2 and 3, three loads at buses 5, 6 and 8. EPRI Ckt-24 as described in section II is used as the distribution test system [24] , [25] . The integrated T&D test system is simulated by replacing all the load points, L5, L6 and L8 of the IEEE 9-bus system by EPRI's Ckt 24 distribution feeder (see Fig 3) .
A. Effects of Increasing Distribution-connected PVs
To capture randomness in distribution-connected PV deployment scenarios, 100 unique random scenarios each with 10 different levels of penetration are simulated. Consequently, a total of 1000 scenarios are evaluated for the given T&D test system.
First, the results for scenario 25 is discussed. The converged values of real power and bus voltage magnitude at PCC are presented in Table I. As seen from the Table I , with the increase in PV penetrations, the real power demand of the substations from the transmission system decreases. This effect is seen in all three PCCs. With the reduction in real power consumption by the distribution system, the voltages at the substation buses (PCC) are expected to increase. This trend is followed by PCC at bus 8, but the other two PCCs exhibit a different behavior. The voltages at the PCC of bus 6 and 5 are increasing up to 50% penetration. When the PV penetration is increased to 60% and further, there is a decline in the voltage magnitude at their respective PCCs. This trend was initially speculated to be a behavior of this one specific scenario. Further evaluation of these results was required. So, all 100 scenarios for each penetration level was simulated using the co-simulation platform and the average converged voltages at the PCC is studied and the results are presented in Fig 4. The deviation of voltage magnitude from the expected trend at bus 5 and 6 is consistent with other scenarios. The main reason behind that deviation is the active power consumption by the slack generator at bus 1 after a certain level of PV penetration. Until 50% penetration, with the increment of PV integration (and the decrease of real power consumption of substation) the voltage rises both at bus 5 and 6. Here, the overall real power generated by 3 generators is balanced with the consumption of real power at the substations. But once the PV penetration goes higher than 50%, the active power demand by the distribution systems is lower than the transmission system generation and hence the slack bus starts to consume active power. When the slack bus consumes the real power, the direction of power flow from bus 4 to bus 5 and bus 4 to bus 6 is reversed as shown in Figs. 5 and 6. Now 
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With the increment of PVs and subsequently the decrement of real power consumption at substations, slack bus absorbs additional real power from the system to balance the supply and demand. This happens, because the generation at bus 2 and bus 3 is fixed on account of being PV buses. The slack at bus 1 is connected to bus 5 and bus 6 via bus 4. So, when the real power consumption in L5, L6 and L8 decreases, slack bus consumes more power. This additional power flows through bus 5 and bus 6. Even though the load demand at bus 5 and bus 6 decreases, due to the increased consumption of active power by the slack bus through bus 5 and 6, the overall real power consumption at those buses increases. Thus, beyond 50% PV penetration, although the real power consumption reduces at the distribution substations, the bus voltages decreases on account of slack bus acting as a load to balance the supply and demand.
The increase of PV penetration has not significantly increased the unbalance in voltage magnitude. This is because the PV penetration cases are randomly generated without intentional unbalance. The unbalance at PCCs are not more than 0.2%. In addition, the average number of iteration and time taken to converge for each case is presented in Fig 7. 
B. Stand-alone model validation
The accuracy of the co-simulation model with increasing PV penetration is validated against stand-alone T&D model developed using OpenDSS. Note that it also important to validate the voltage behavior observed at PCC in the previous Section. For the validation, scenario 25 is selected. Here, the co-simulation framework is referred as Model-1, and the standalone T&D model is referred as Model-2. The voltages at PCC are compared in Table II for varying PV penetration levels. As can be observed from Table II , the voltages at bus 5 and bus 6 obtained by solving stand-alone model (Model-2) seems to follow the same trend as depicted in section III-A obtained using co-simulation (Model-1). The maximum difference of voltage between two models is less than 0.001 pu. 
IV. CONCLUSION
This paper employs a co-simulation platform to analyze the impacts of distribution-connected PVs on transmission system voltages. This co-simulation framework is iteratively coupled enabling an accurate simulation of integrated T&D systems with results comparable to stand-alone unified T&D simulation models. Multiple PV deployment scenarios based on locations and sizes of PV in the feeder are created and their impacts on transmission system voltages are studied. The study showed that the transmission voltages at the PCC decreases beyond 50% PV penetration on account of slack bus acting as a load to balance the supply and demand. This effect on transmission voltages would have been difficult to analyze without cosimulating T&D systems. Furthermore, the results obtained from this co-simulation model are thoroughly validated using a stand-alone T&D system model.
